During pregnancy, the integrity of the mammary gland epithelium must be maintained by the junctional nexus formed by gap, adherens, and tight junctions for proper alveologenesis. We have previously shown that mammary glands from Gja1
INTRODUCTION
The mouse mammary gland is composed of two compartments: the stroma, or fat pad, and the epithelium. The fat pad is mainly comprised of adipocytes and fibroblasts, whereas the epithelium is a branching network of ducts that start proliferating at puberty under the influence of hormones [1] . The mammary gland epithelium is composed of one inner layer of luminal epithelial cells surrounded by a layer of myoepithelial cells. During pregnancy, the epithelium undergoes a second phase of proliferation and differentiation to form alveoli, where milk is secreted and stored [2] . Proper mammary gland development and function require bridging and connecting of the cells between the fat pad and the epithelium as well as within the epithelium between myoepithelial and luminal cells, a function ensured by gap, adherens, and tight junctions [1] [2] [3] [4] .
Adherens junctions are protein complexes located at the plasma membrane that hold together adjacent cells and also play a role in signaling cascades [5] . The components of adherens junctions in epithelial cells include cadherins, a family of transmembrane proteins that homotypically interact with cadherins from an adjacent cell, and catenins, which are cytoplasmic proteins that bind to cadherins and transduce signals to the cell [6] . Tight junctions position adjacent cells in very close proximity to each other, forming a semipermeable size-and ion-specific barrier [5] . These junctions are comprised of a number of components, including two types of transmembrane proteins, occludin and the claudins, which cluster to form tight junctional strands that connect to the microfilament cytoskeletal network [7] . Adherens and tight junctions are critical for the maintenance of cell polarization in the mammary gland, which is vital to the structure and function of the epithelium [7, 8] .
Gap junctions are protein channels in the plasma membrane that connect adjacent cells to allow the bidirectional passage of ions, metabolites, and secondary messengers in a process known as gap junctional intercellular communication (GJIC) [9] . Gap junction channels are formed by a family of integral membrane proteins called connexins. The connexin family in humans is comprised of 21 members, and most tissues express more than one type of connexin [10] . Six connexins oligomerize in the Golgi apparatus to form a connexon or hemichannel. A gap junction channel is formed at the plasma membrane when two connexons from adjacent cells interact. Hundreds of gap junction channels cluster at the cell surface to form gap junction plaques [10] . In the mouse mammary gland epithelium, connexin (Cx) 26, Cx30, and Cx32 are present in gap junctions between luminal cells, whereas Cx43 (encoded by the Gja1 gene) is predominantly found in gap junctions located between myoepithelial cells [11] .
It has been suggested that the formation and regulation of gap, adherens, and tight junctions are closely related [12] . Many studies have indicated that connexins can interact, colocalize, and coimmunoprecipitate with other junctional proteins and that these interactions may play important roles in cell structure and regulation [9, 10] . This interaction may also allow the recruitment of signaling proteins within a protein scaffold [13] . For instance, the adherens junction-associated protein b-catenin has been shown to interact with Cx43, potentially regulating GJIC between cell types [14] . More importantly, adherens and gap junctions are thought to reciprocally mediate each other's assembly [15] , and adherens junctions seem to coordinate tight junction assembly [16] . Recent studies using knockout or knockdown techniques have shown that the disruption of Cx43 or Cx32 leads to the disruption of adherens junctions [17, 18] . Thus, because of the interactions that may occur between connexins and other junctional complexes in the mammary gland, decreased levels of connexins may affect tight and adherens junction formation, thereby impairing mammary gland development or function.
Recently, a mouse model (Gja1
, which for simplicity is designated as Gja1
Jrt/þ in this article) of oculodentodigital dysplasia (ODDD), a human condition that has been linked to more than 62 mutations within the Cx43 gene, has been generated through an N-ethyl-N-nitrosourea mutagenesis screen [19] . These mice harbor an autosomal dominant point mutation within the Gja1 gene, which results in a glycine residue at position 60 being substituted for serine in the first extracellular loop of the Cx43 polypeptide sequence [19] . Our previous study demonstrated that the levels of total Cx43 and a highly phosphorylated species of Cx43 are reduced by 50% and 70%, respectively, in the mammary gland of Gja1 Jrt/þ mice and that these low levels lead to a developmental delay during puberty and improper milk ejection [20] . Levels of the milk proteins whey acidic protein (WAP) and b-casein were higher in mammary glands of Gja1 Jrt/þ mice compared to those of wild-type (WT) mice, but mRNA levels remained unchanged, suggesting that milk was accumulating in the alveoli and the ducts of the mutant mice [20] . We showed that this accumulation seems to result, at least in part, from oxytocininduced contraction defects of the myoepithelial layer, but cellcell interactions or architectural defects of the alveoli could also contribute to this accumulation by allowing leakage of milk through the lumen because of a weak sealing of the epithelium.
Given the importance of tight and adherens junctions in the function of the mammary gland and their interrelations with gap junctions, we hypothesized that low levels of Cx43 gap junction plaques induced by the presence of G60S Cx43 mutant would affect the junctional complex status in Gja1 Jrt/þ mouse mammary glands. Furthermore, this defect may extend to impaired milk secretion by the epithelium, thereby contributing to the milk delivery defect.
MATERIALS AND METHODS

Animals and Tissue Collection
Mutant mice designated as Gja1
Jrt/þ were bred to carry a heterozygous mutation in the Gja1 gene with a mixed genetic background of C3 and C57BL/ 6J [19] . All mice used in the present study were from the second, third, or fourth generation of back-crossing to C57BL/6J mice. Female mice were killed using CO 2 and O 2 on the day of parturition. Mammary glands were collected from Gja1
Jrt/þ and WT mice and either stored at À808C, embedded in cryomatrix, or fixed in 10% neutral buffered formalin and then embedded in paraffin. Paraffin-and cryomatrix-embedded tissues were sectioned (thickness, 5 lm) and used for immunofluorescent labeling or hematoxylin-and-eosin staining. Experimental procedures were approved by the Animal Care Committee at the University of Western Ontario and followed the guidelines of the Canadian Council on Animal Care.
Cell Culture and Cx43 Mutants
Normal Rat Kidney (NRK) cells were cultured in regular high-glucose Dulbecco modified Eagle medium (DMEM; Invitrogen Corporation) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml of penicillin, and 100 lg/ml of streptomycin. Cells were maintained at 378C in a moist environment of 95% air and 5% CO 2 and subcultured as required using 0.25% trypsin/ethylenediaminetetra-acetic acid (EDTA) solution. Constructs containing cDNA for human Cx43-green fluorescent protein (GFP), G60S-GFP, G21R-GFP, D244-GFP, and fs260-GFP within the AP2 replicationdefective retroviral vector (v) [21] were as described previously [19, 22, 23] . Stable NRK cell lines expressing Cx43-GFP, v, G60S-GFP, G21R-GFP, D244-GFP, and fs260-GFP cDNAs were generated by retroviral infection as described previously [24, 25] . The G21R mutation is located in the first transmembrane domain of Cx43, and this mutant can traffic to the cell surface but has no channel-forming properties. The G60S mutation is located in the first extracellular loop, and this mutant has a partial trafficking defect and poor channel-forming properties [19] . The D244 mutant can traffic to the plasma membrane and form functional channels, but it is missing most of the C-terminal domain. Finally, the fs260 mutant is the result of a frame-shift mutation, has severely compromised trafficking properties, and acts as a potent dominantnegative inhibitor on endogenous Cx43, resulting in decreased levels of total functional Cx43-based gap junction plaques at the plasma membrane [23] .
Primary Cultures of Mammary Gland Myoepithelial Cells
Cells were isolated as described previously [20] . Briefly, adult thoracic and inguinal mammary glands were minced and digested in 10 ml/g tissue of a solution containing 0.2% trypsin, 0.2% collagenase A, 5% fetal calf serum, and 5 lg/ml of gentamicin in DMEM/Ham F12 (F12) medium at 378C for 30 min with gentle shaking (100 rpm). Epithelial cells were collected by a series of 500 3 g centrifugations in 10 ml of serum-free DMEM/F12 medium to remove as many fibroblasts as possible. The final cell pellet was resuspended in Mammary Epithelial Growth Media (Lonza) supplemented with 10% fetal calf serum, 0.1 mg/ml of gentamicin, 100 U/mg of penicillin, 100 lg/mg of streptomycin, and 20 lg/ml of fungin) and plated in 25-mm dishes. All pipettes and tubes used during the procedure were precoated with sterile PBS containing 5% bovine serum albumin. Cells were kept in culture for 7 days before being processed for Western blot analysis or immunofluorescence.
Western Blot Analysis
Mammary gland tissues as well as NRK and myoepithelial cells from primary cultures were homogenized in lysis buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 0.5% NP-40, 100 mM NaF, 100 mM sodium orthovanadate, and a proteinase inhibitor cocktail [Roche-Applied Science] adjusted to pH 7.4). Lysate protein concentrations were measured using the bicinchoninic acid protein assay reagent kit (Pierce). Protein samples (25-50 lg) were resolved by SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were immunoblotted with primary antibodies: mouse anti-E-cadherin (0.1 lg/ml; Transduction Laboratories), mouse anti-b-catenin (0.5 lg/ml; Zymed Laboratories), rabbit anti-occludin (0.25 lg/ml; Zymed Laboratories), rabbit anti-claudin-1 (0.25 lg/ ml; Zymed Laboratories), rabbit anti-ZO-1 (TJP1; 0.1 lg/ml; Zymed Laboratories), rabbit anti-P-cadherin (0.2 lg/ml; Zymed Laboratories), and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 0.1 lg/ml; Chemicon International). Bound primary antibody was detected using fluorescence-conjugated secondary antibodies (Alexa 680-conjugated goat anti-rabbit [0.2 lg/ml] or Alexa 800-conjugated goat anti-mouse [0.2 lg/ml]; Molecular Probes) followed by visualization and quantification using the Odyssey Infrared Imaging System (Li-Cor Biosciences). Junctional protein levels were determined by normalization to the Western blot band intensities of GAPDH using the Odyssey Infrared Imaging System. All graphs represent the average protein levels from at least three different biological replicates. When possible, membranes were probed with more than two antibodies; therefore, the same GAPDH bands are shown as loading controls for different antibodies within the same figure.
Immunocytochemistry and Confocal Microscopy
Mammary gland cryosections (thickness, 5 lm) and cells were fixed in 10% buffered formalin and 80% methanol/20% acetone before immunolabeling with primary antibodies: rabbit anti-Cx26 (1 lg/ml), rabbit anti-Cx30 (1.25 lg/ml), rabbit anti-Cx32 (10 lg/ml), mouse anti-E-cadherin (2.5 lg/ml), mouse anti-bcatenin (2.5 lg/ml), rabbit anti-occludin (2.5 lg/ml), rabbit anti-ZO-1 (TJP1; 1 lg/ml), and mouse anti-keratin 14 antibody (2 lg/ml; all from NeoMarkers). Paraffin-embedded sections were subjected to rehydration with descending grades of ethanol baths followed by microwave antigen retrieval using Antigen Unmasking Solution (Vector Laboratories). Sections were then permeabilized and blocked with 0.1% Triton X-100 and 5% bovine serum albumin in PBS for 60 min and incubated with goat anti-WAP primary antibody (2 lg/ml; Santa Cruz Biotechnology) and wheat germ agglutinin (WGA; Alexa Fluor 633-conjugate [3.125 lg/ml]; Molecular Probes). Primary antibody was visualized by incubating sections with Texas Red dye-conjugated donkey anti-goat secondary antibody (15 lg/ml; Jackson Immunoresearch Laboratories). Hoechst stain was used to visualize nuclei before mounting with Vectashield (Vector Laboratories). Immunolabeled cryosections and paraffin-embedded sections were imaged on a Zeiss LSM 510 inverted confocal microscope as previously described [26] .
Histology
To perform a general histological analysis of the mammary gland, paraffinembedded sections of WT and Gja1
Jrt/þ mammary glands were stained with hematoxylin and eosin. Paraffin-embedded mammary gland sections were deparaffinized in xylene for 10 min, rehydrated in descending grades of ethanol baths, and stained with 1% hematoxylin (5 min) and 1% eosin (5 min). Sections were dehydrated in ascending grades of ethanol and xylene baths and mounted with Cytoseal (Richard-Allan Scientific). General histological analysis was performed by imaging several random areas with 633, 403, and 163 objective lenses mounted on a Zeiss Axioscope microscope workstation equipped with a Sony PowerHAD camera and Axiovision LE imaging software (Carl Zeiss Vision).
Quantification of Alveoli and Ducts with and Without WAP Labeling
Mammary gland cryosections from WT and Gja1
Jrt/þ mice were immunolabeled for WAP and WGA as described above to examine the presence of milk proteins in alveoli and ducts. Five representative images per mouse were blindly evaluated by four volunteers for the presence of WAP labeling in ducts and alveoli as an indicator of milk. Numbers of alveoli and ducts without WAP labeling in WT and Gja1
Jrt/þ mice were counted and presented as a percentage of the total number of alveoli and ductal lumens visible.
Statistical Analysis and n-Values
All experiments were repeated at least three times with a minimum of five different animals per experimental group (in vivo studies), four mice per group (primary culture), and different cell passages (NRK cells). Values are presented as the mean 6 SEM. Statistics were analyzed using Student t-test or ANOVA analysis followed by either a Tukey multiple-comparison test (comparing all pairs) or Dunnett multiple-comparison tests (comparing all groups against a control group) where P , 0.05 was considered to be significant. Statistical analyses were performed using GraphPad Prism Version 4.02 for Windows (GraphPad Software).
RESULTS
Milk Is Retained in the Mammary Glands of Gja1
Jrt/þ Mice and Not Ejected to Pups
When female Gja1
Jrt/þ mice were bred, one of the most striking effects was that more than 80% of the pups died within
FIG. 1. Milk accumulates in mammary gland epithelium from Gja1
Jrt/þ mice without being ejected to pups. Pups born from WT females show evidence of milk in their stomach a few hours after parturition (arrow; A), but the presence of milk was not observed in pups born from mutant mice (B). Consistently, milk was only found in a few ducts of WT mice (C) but was abundantly observed in ducts from mutant mice ex vivo (D). Bar ¼ 2 mm.
FIG. 2. Myoepithelial
Cx43, but not luminal Cx26, Cx30, and Cx32, is decreased in mammary glands of Gja1
Jrt/þ mice. Mammary gland cryosections from WT mice were double-immunolabeled for Cx26, Cx30, Cx32, and Cx43 (red) and for keratin 14 (K14; green) to determine the localization of the different connexins in the mammary gland epithelium (A-D). Doublelabeled mammary gland cryosections revealed localization of Cx26-, Cx30-, and Cx32-containing gap junctions (arrows) between luminal cells but not typically between K14-positive myoepithelial cells (A-C, E-G, and I-K), whereas Cx43 was localized between myoepithelial cells but not typically between luminal cells (D, H, and L). Cx32 was also detected in intracellular compartments (C, G, and K). Gap junction localization was similar between WT and mutant mammary gland cryosections for Cx26, Cx30, and Cx32 (E-G and I-K). Only Cx43 plaque staining was decreased in mutant mice as compared to WT (H and L). Arrows indicate gap junction plaques. Lu, alveoli lumens. Bar ¼ 20 lm.
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24 h [27] . Some of these precocious deaths could be attributed to suffocation of the pups during prolonged labor [28] , but our results showed that live pups born from WT females showed evidence of milk in their stomach (Fig. 1A) , whereas pups born from female Gja1
Jrt/þ mice lacked any evidence of milk (Fig.  1B) . Furthermore, milk was sparsely found in the ducts of WT mice (Fig. 1C ) but was abundant in mammary gland ducts of mutant mouse mothers (Fig. 1D) , suggesting that milk was accumulating in the gland.
Cx26, Cx30, and Cx32 Are Expressed in the Mammary Gland Epithelium of Gja1
Jrt/þ Mice But Are Not Affected by Lower Levels of Cx43
Four connexins have been identified in the mouse mammary gland epithelium: Cx26, Cx32, and Cx30 between luminal cells, and Cx43, which is primarily found between myoepithelial cells [11] . We previously showed that protein levels of Cx26, Cx30, and Cx32 do not differ in mammary glands of Gja1
Jrt/þ mice compared to those of WT mice at parturition [20] . To determine if decreased levels of Cx43 affect the cellular localization patterns of Cx26, Cx30, and Cx32 in Gja1
Jrt/þ mice, mammary gland cryosections from mice at parturition were individually labeled for each of the four connexins. In WT mice, punctate structures, which are characteristic of gap junction plaques, were predominantly visible at the interface between adjacent luminal cells of the mammary epithelium for Cx26, Cx32, and Cx30 (Fig. 2, A-C) , whereas Cx43 was expressed mainly between myoepithelial cells (Fig. 2D) , as revealed by keratin 14 staining for myoepithelial cells. Intracellular Cx32 was also detected within luminal cells (Fig. 2C) . Whereas the detection of Cx43 gap
Jrt/þ mice remain unchanged. Western blot analysis of mammary glands indicated that the levels of b-catenin (A), Ecadherin (D) and P-cadherin (G) are similar between WT and Gja1
Jrt/þ mice. Protein levels were normalized to GAPDH. Graphs represent the average 6 SEM. In both WT and Gja1
Jrt/þ mammary glands, b-catenin (B and C) and E-cadherin (E and F) were localized to the basolateral portion of luminal cell plasma membranes. Nuclei were stained with Hoechst (blue)
Jrt/þ mice as compared to WT mice, as previously reported [20] (Fig. 2, H and L) , no difference was found in the distribution or detection of plaques formed from Cx26, Cx30, or Cx32 (Fig. 2 , E-G and I-K).
Decreased Levels of Cx43 Do Not Affect the
Jrt/þ and WT mice were subjected to Western blot analysis and immunofluorescence. b-Catenin (Fig. 3A) and E-cadherin (Fig. 3D) 
Jrt/þ and WT mice. P-cadherin, expressed by myoepithelial cells, was also not affected (Fig. 3G) . As assessed by immunofluorescence, both b-catenin (Fig. 3B ) and E-cadherin (Fig. 3E) were typically found at basolateral locations denoting luminal cell interfaces in WT mice, a pattern that did not change in mutant mice (Fig. 3, C and F) .
Similarly, the levels and localization of tight junction proteins were assessed in mammary glands from WT and Gja1
Jrt/þ mice at parturition. The levels of both occludin and claudin-1 did not statistically differ between Gja1
Jrt/þ and WT mice (Fig. 4, A and B) . Immunofluorescent labeling of mammary gland cryosections revealed an apical localization of tight junction proteins between luminal cells, as revealed by occludin localization, for both WT (Fig. 4C ) and mutant mice (Fig. 4D) . The general architecture of the mammary gland from mutant mice was assessed in paraffin-embedded sections. Histology sections demonstrated that alveolar and ductal size and shape were similar between WT and Gja1 Jrt/þ mice (Fig. 5, A-F) . However, the lumens of some ducts and alveoli appeared to contain material that was stained by hematoxylin and/or eosin, suggesting the presence of milk within the alveoli and ducts (Fig. 5, A-F, large arrows) . Moreover, the epithelium itself contained large vesicle-like entities characteristic of cytoplasmic lipid droplets (CLDs) [29] (Fig. 5, B , E, and F, small arrows). These features were observed in both WT and mutant mice but were found far more frequently in mutant mice. To determine if the material present in the alveoli was actually milk, we double-stained paraffin-embedded sections of mammary glands obtained from WT mice (Fig. 5, G-I ) and Gja1 Jrt/þ mice (Fig. 5 , J-L) with WGA (green in Fig. 5 ) and with WAP (red in Fig. 5 ) milk protein. WGA bound to the apical border of the luminal cells, providing a visual indicator of the luminal border of alveoli and ducts (Fig. 5, G, J, I , and L, arrows). WAP staining revealed that in both Gja1
Jrt/þ and WT mice, milk was present in some of the alveoli (Fig. 5, H, K, I , and L, arrowheads). To quantify and determine if milk was more frequently found in the alveoli lumens of mammary glands from Gja1
Jrt/þ mice, a blinded study was performed in which volunteers counted the number of gland lumens lacking WAP staining (empty). Our results revealed approximately 50% less empty alveoli in mutant mice compared to WT mice (Fig. 5M ).
Levels and Localization of Adherens and Tight Junction Proteins Are Unaffected by Reduced Cx43 Gap Junctions in Primary Cultures of Myoepithelial Cells from Gja1
Jrt/þ
Mammary Glands
Myoepithelial cells surrounding luminal cells in ducts are oriented parallel to the long axis of the ducts, forming a continuous layer. However, myoepithelial cell bodies and processes extend around the alveoli during pregnancy and lactation, forming a basket-shaped network [30] . Because of this structural change, abnormalities induced by low levels of Cx43 gap junctions could result in undetectable changes in adherens and tight junctions within the myoepithelial layer of Gja1 Jrt/þ mice. Therefore, we established primary myoepithelial cell cultures from both WT and mutant mice to assess tight and adherens junction proteins in myoepithelial cells in vitro. Isolated mammary gland cells were mainly of the myoepithelial lineage, as demonstrated by keratin 14 staining, for both WT mice (Fig. 6A ) and mutant mice (Fig. 6B) [20] . Myoepithelial cells isolated from WT mice showed typical gap junction staining (Fig. 6C) , but myoepithelial cells isolated from Gja1
Jrt/þ mice revealed far fewer gap junction plaques and extensive intracellular Cx43 staining (Fig. 6D) . It has been suggested that most of the Cx43 phosphorylation events occur at the cell surface, whereas unphosphorylated Cx43 is mainly localized in intracellular compartments [10] . Consistently, mutant cells showed decreased levels of the slower-migrating phosphorylated species of Cx43 (Fig. 6E ) compared to WT mice, which translates into reduced GJIC (data not shown) [20] . However, similar to our in vivo results, no difference was found in protein levels or localization of adherens and tight junction
FIG. 4. Levels and cellular localization of tight junction proteins in mammary glands of Gja1
Jrt/þ mice remain unchanged. Western blot analysis of mammary glands indicated that the levels of claudin-1 (A) and occludin (B) are similar between WT and Gja1 Jrt/þ mice. Protein levels were normalized to GAPDH. Graphs represent the average 6 SEM. In both WT (C) and Gja1
Jrt/þ (D) mammary glands, occludin was localized to apical portion of luminal cell plasma membranes. Nuclei were stained with Hoechst (blue). Arrows indicate occludin localization. Lu, alveoli lumens; kD, kilodaltons. Bar ¼ 20 lm.
proteins between WT and mutant myoepithelial cells (Fig. 6 , F-L).
Overexpressed Cx43 Mutants Do Not Affect the Levels or Localization of Several Proteins of Tight and Adherens Junctions in NRK Cells
The G60S mutation is located in the first extracellular loop of the protein, whereas most of the interactions with Cx43-binding partners are thought to occur on the C-terminal [9] . Therefore, mutations localized in other domains of Cx43 might have an effect on the levels or localization of some of the molecular constituents of tight or adherens junctions. To assess if other disease-linked or truncated Cx43 mutants would crosstalk and regulate components of structural junctions, we used NRK cells stably overexpressing three Cx43 mutants associated with ODDD (G60S, G21R, and fs260) and one mutant lacking the C-terminal tail of Cx43 (D244). Western blot analysis revealed that E-cadherin, b-catenin, ZO-1 (TJP1), and claudin-1 were all expressed in NRK cells, but their protein levels were not affected by the coexpression of any Cx43 mutants (Fig. 7) . Similarly, E-cadherin, b-catenin, and ZO-1 (TJP1) all showed a typical plasma membrane localization at sites of cell-cell contact (Fig. 8) , suggesting that these components of tight and adherens junctions are not likely to be affected by the overexpression of any of the Cx43 mutants. 
DISCUSSION
We have previously shown that decreased levels of Cx43 result in delayed mammary gland development and defective lactation in Gja1
Jrt/þ mice [20] . Generally, the lactation defect could be explained by one of at least four mechanisms. First, mothers could have a defect in milk production. Second, the differentiation of the epithelium or alveologenesis may be impaired during pregnancy. Third, milk could be properly produced but not secreted or expelled to the pups. Finally, mutant pups may be unable to suck. Our previous results have demonstrated that two of those possible reasons are improbable. First, milk is produced in the mutant mice, because WAP and b-casein are expressed [20] and milk can be seen in the ducts of the epithelium. Second, mutant pups are capable of feeding, because when the mother is WT and the mutation is carried by the father, the survival rate is normal [27] . However, we showed that oxytocin-induced milk myoepithelial contraction was deficient in Gja1
Jrt/þ mice, probably because of decreased GJIC between myoepithelial cells [20] , leading to a milk ejection defect. Whole mounting showed that the general architecture of the gland seems to be preserved in the mutant mice [20] , but we could not rule out a defect in alveolar architecture as a result of decreased levels of Cx43. Because gap, adherens, and tight junctions are thought to reciprocally mediate each other's assembly and function, the current study sought to determine if Cx43 mutants and/or down-regulation affect other connexins present in the mammary gland, adherens, and tight junction protein levels and localization or the architecture of the gland, thereby leading to impaired differentiation or alveologenesis. Our results suggest that the low level of Cx43 gap junctions and the presence of the G60S mutant do not affect the levels or distribution of adherens and tight junction proteins within the mammary epithelium of mutant mice but that milk secretion is compromised, in addition to our previously documented defect in milk ejection [20] .
FIG. 6. Levels and cellular localization of adherens and tight junction proteins are not affected by Cx43 mutants in myoepithelial cells isolated from mammary glands of Gja1 Jrt/þ mice. Cells isolated from mammary gland were mainly myoepithelial origin, as confirmed by keratin 14 staining (A and B). In both WT and Gja1
Jrt/þ cells, Cx43 plaques were observed at the plasma membrane (arrows; C and D), but Cx43 was also abundantly found in intracellular compartments in mutant cells (arrowhead; D). Western blot analysis indicated that the highly phosphorylated species (P) of Cx43 were reduced in mutant mice (E), whereas levels of smooth muscle actin (SMA), bcatenin, ZO-1 (TJP1), E-cadherin, claudin-1, and occludin were similar between WT and Gja1 Jrt/þ myoepithelial cells (F). Protein levels were normalized to GAPDH. Graphs represent the average 6 SEM. When possible, blots were probed with more than two antibodies; therefore, the same GAPDH bands are shown as loading controls for different antibodies. b-Catenin (G and J), Ecadherin (H and K), and ZO-1 (TJP1; I and L) were similarly localized to the plasma membranes in myoepithelial cells from both WT and mutant mice. Nuclei were stained with Hoechst (blue). Bar ¼ 20 lm.
Localization of Connexins Within the Two Layers of the Mammary Epithelium
Since the first report in 1973 of the presence of gap junctions in the mammary gland [4] , four of the 21 members of the connexin family have been identified in the mouse mammary gland epithelium [11] . Cx43 has been shown to be expressed mainly between myoepithelial cells from all developmental stages, whereas Cx26, Cx30, and Cx32 expression is typically restricted to luminal epithelial cells and exhibits temporal expression [31] . Moreover, one study also reported the possible presence of Cx43 gap junctions between myoepithelial and luminal cells [32] . Low levels of Cx26, Cx30, and Cx32 were observed in virgin mice [11, 20] , but their levels increased drastically at different stages of pregnancy, with parturition being an important temporal benchmark. This event marks the beginning of a dramatic increase in Cx32 and an equally dramatic decrease in Cx30 [31] . Because it has been suggested that channels made by different connexins have different permeability properties, temporal modifications in channel composition can reflect important changes in cellular needs at the different stages of pregnancy [31] .
The first objective of the present study was to assess whether Cx26, Cx30, and Cx32 were affected by the reduction in Cx43 gap junctions in Gja1
Jrt/þ mice mammary gland epithelium, which would reflect cross-talk between connexin family members, as previously reported in the epidermis [33] . Our study demonstrated that Cx26, Cx30, and Cx32 were all present in luminal cells of the mammary gland epithelium, whereas Cx43 expression was principally observed in myoepithelial cells, confirming what has been reported previously [11, 31] . Cx26, Cx30, Cx32, and Cx43 formed gap junction plaques in the mammary glands of WT and mutant mice, but Cx32 was detected within intracellular compartments. This observation reflects the fact that Cx32 expression increases dramatically from parturition and throughout lactation [31] . Thus, the intracellular pool of Cx32 may represent newly synthesized Cx32 subunits that are produced in abundance in preparation for the formation of gap junctions at the cell surface. The localization of Cx26, Cx30, and Cx32 gap junction plaques did not differ between WT and mutant mice, suggesting that luminal cell connexins are neither downregulated by the coexpression of Cx43 mutants nor upregulated in the myoepithelial layer to compensate for the reduction in functional Cx43 gap junctions. This finding supports the independence of Cx43 in relation to Cx26, Cx30, and Cx32, which likely relates to their differential expression within the two layers of the mammary epithelium.
Decreased Levels of Cx43 in Gja1
Jrt/þ Mice Do Not Change Adherens or Tight Junction Protein Levels or Localization Many studies have reported that the components of gap, adherens, and tight junctions interact and that the formation and maintenance of all these junctions are tightly orchestrated. For example, interactions of connexin with the tight junction proteins ZO-1 (TJP1), ZO-2 (TJP2), ZO-3 (TJP3), occludin, and claudins have been widely reported [9, 10, 12] . That the formation of gap or tight junctions requires cell adhesion is generally accepted [12] , but down-regulation of adherens and/ or tight junctions by reducing connexin levels has also been reported [15, 34, 35] . Reciprocally, the introduction of connexins in connexin-deficient cells increases molecular   FIG. 7 . Expression of molecular constituents of tight and adherens junctions were not affected by coexpressed Cx43 mutants in NRK cells. NRK cells were stably engineered to express an empty vector (v), GFP-tagged Cx43 (Cx43-GFP), or GFPtagged G60S, G21R, D244, and Fs260 Cx43 mutants. Levels of E-cadherin, b-catenin, ZO-1 (TJP1), and claudin-1 were not affected by the presence of the Cx43 mutants as assessed by Western blot analysis. Protein levels were normalized to GAPDH. Graphs represent the average 6 SEM. Although sometimes close to significance (P ; 0.06), ANOVA analysis followed by either a Tukey multiplecomparison test (comparing all pairs) or Dunnett multiple-comparison tests (comparing all groups against NRK, v, or Cx43-GFP) showed no statistical difference between samples.
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components of adherens and tight junctions in several cell types [12, 35] . Surprisingly, our study demonstrated that neither the expression nor the localization of adherens or tight junction-related proteins were affected in luminal cells by decreased levels of Cx43 gap junctions in the mammary gland epithelium. However, staining of tight and adherens junction proteins in the myoepithelial layer was difficult to assess in situ, in part because of the shape of the myoepithelial cells during parturition as they form basket-shaped networks around the alveoli [30] . To assess any Cx43-linked changes in the myoepithelial cell junctional status, we established myoepithelial cultures from WT and mutant mice. Again, our results would suggest no cross-talk between the reduction in Cx43 gap junctions and structural junctional complexes, leading to two possible conclusions. First, because most of the interactions between Cx43 and its binding partners occur at the C-terminal portion of the protein, the G60S mutation, which is located in the first extracellular loop, does not affect the cross-talk with structural junctional complexes. Second, low levels of Cx43 gap junctions remaining in the epithelium of Gja1
Jrt/þ mice are sufficient to maintain tight and adherens junction complexes.
To further assess if any functional or loss-of-function Cx43 mutants would cross-talk and dysregulate the levels or localization of key structural junctional proteins, we chose to overexpress Cx43 mutants in NRK cells, which endogenously express Cx43. Using this approach, in these stable mutant- FIG. 8 . Localization of the molecular constituents of tight and adherens junctions were not affected by Cx43 mutants in NRK cells. NRK cells were stably engineered to express an empty vector (v), GFP-tagged Cx43 (Cx43-GFP), or GFP-tagged G60S, G21R, D244, and Fs260 Cx43 mutants. Panels show immunolabeling for endogenous Cx43 (green; wild-type and v) or GFPtagged Cx43 constructs (green) and immunolabeling of other junctional proteins (red). Localization of E-cadherin, b-catenin, and ZO-1 (TJP1) were not affected by the presence of the Cx43 mutants as assessed by immunofluorescence. b-Catenin, E-cadherin, and ZO-1 (TJP1) were localized to the plasma membranes in all cells. Nuclei were stained with Hoechst (blue). Bar ¼ 20 lm.
expressing cell lines, Cx43 mutants are likely to be expressed in an approximately four-to fivefold excess of endogenous Cx43 [36] . Similar to the G60S mutant in vivo and in vitro, the overexpression of the ODDD-linked and nonfunctional G21R mutant had no effect on the molecular status of adherens and tight junctions. Likewise, the functional D244 mutant that lacked the interactive domain for many Cx43-binding proteins had no effect on the distribution or expression of structural junctional proteins. Finally, the dominant-negative, ODDDlinked, frame-shift mutant (fs260) that was typically retained in an intracellular compartment and has a potent dominantnegative effect on endogenous Cx43 [23] failed to alter the molecular components of tight and adherens junctions. Taken together, these results suggest that Cx43 mutants or overall reduced Cx43-based GJIC fails to alter protein levels and localization of the molecular components of tight and adherens junctions studied in this reference model system and in the mammary gland.
Decreased Levels of Cx43 in Gja1
Jrt/þ Mice Did Not Change Alveologenesis But Increased CLDs During initiation of the secretory phase at midpregnancy, the alveolar cells become polarized, forming spherical, singlelayer structures of epithelial cells surrounding a lumen [2] . It has been demonstrated that tight and adherens junctions are essential for progesterone-and prolactin-induced gland remodeling, leading to milk production [2] . However, few studies have investigated the role of Cx43 in the development and function of the mouse mammary gland. Cx43 knockout mice die before or at birth and, thus, cannot be thoroughly studied [37] . In Cx43 þ/À mice, knockin mice (in which Cx43 was replaced by Cx40), or in the two other mouse models of ODDD (I130T and G138R), lactation was either not assessed or no defects were reported [37] [38] [39] [40] . On the other hand, when Cx43 is replaced by either Cx26 or Cx32, a gradual decrease in pup body weight and increased preweaning deaths were observed, suggesting a defect in lactation [38, 41] . In these two latter cases, milk was produced, although evidence has been found for mild architectural defects in the epithelium [38, 41] . Thus, it seems that Cx43 is important to maintain the mammary gland architecture and function during pregnancy. This is further supported by a recent study demonstrating that differentiation of luminal cells required interactions between luminal and myoepithelial cells and was dependent on gap junctions [42] .
One of the phenotypes associated with a leaky epithelium, impaired polarization, or impaired alveologenesis is the presence of milk in the lumen of the alveoli after parturition [43, 44] . Our results revealed an accumulation of milk in alveolar lumen as well as in the ducts of Gja1
Jrt/þ mice. In part, this phenotype can be linked to the previously reported ejection problem [20] , but improper closure or differentiation of the epithelium may also contribute to this defect. However, the number of alveoli, the size of the lumens, and the positioning of luminal cells were not significantly different between mutant and WT mice, suggesting that the epithelium was properly formed. Except for the increased presence of milk in the lumen, the only other notable difference was the increased number of milk droplets within the luminal cells in mutant mice that are referred to as CLDs [29] . The presence of these CLDs is normal during late pregnancy [44] , but after parturition, they are typically replaced by small lipid droplets at the apical surface of the epithelial cells, as observed in WT mice. Those large CLDs have been observed in many genetically engineered mice with documented lactation failure, such as mice expressing activated AKT1 [45] , oxytocin knockout mice [46] , WAP-human protein C transgenic mice [47] , or more recently, Src-null mice [48] . The presence of these CLDs is thought to reflect impaired secretory activation [29] , a process that is considered to require the closure of tight junctions [7, 8, 43, 49] . Therefore, even if the molecular components of tight junctions are present at the apical borders of luminal cells in Gja1
Jrt/þ mice, the possibility remains that proper tight junctions have still not formed, which may contribute to the lactation defect. This phenomenon was observed in a mouse model harboring a mammary gland-specific, constitutively active protein kinase N1 [50] . In these mice, at the end of pregnancy, the gland was architecturally indistinguishable from that of WT mice, similar to Gja1
Jrt/þ mice; however, during lactation, both secretion of milk components and tight junctions closure were compromised, leading to a progressive loss of the epithelium without any change in ZO-1 (TJP1) localization.
Taken together, our results suggest that the Cx43 mutant, G60S, and the overall reduction in Cx43 gap junctions do not involve cross-talk to enhance the expression or localization of other connexins present in the luminal layer of the mammary gland epithelium in Gja1
Jrt/þ mice or to modify constituents of adherens and tight junction expression or localization. Similarly, the presence of either nonfunctional or dominantnegative Cx43 mutants in NRK cells does not affect the junctional nexus. However, whereas low levels of Cx43 gap junctions are enough to maintain the architecture of the epithelium, secretory activation may be impaired, as reflected by the presence of milk in the lumen and abundant CLDs after parturition. Thus, both milk secretion and ejection are compromised in Gja1
Jrt/þ mice, suggesting a major role for Cx43 in late pregnancy.
